INTRODUCTION
THE PROPERTIES of the endplate potential (e.p.p.) set up by a nerve impulse at the myoneural junction have been studied in detail in curarized muscle (3, 16) . The time course of the e.p.p. in the normal cat's soleus and frog's sartorius, after the spike had been initiated, was investigated by Eccles and Kuffler (6) . A study of the eserine effect on neuro-muscular transmission revealed that it was mainly due to a lengthening of the local potentials (e.p.p. +later slow wave) at the junctional region (3) . Further, good evidence shows that the e.p.p. is normally responsible for the setting up of the propagating muscle impulse (18) .
From all the above investigations it becomes evident that underlying the e,p.p, -or at least part of it-is the transmitter's depolarizing action at the nerve muscle junction.
It was therefore important to determine in the single nerve-muscle fibre the duration and intensity of this depolarizing action, causing the e.p.p. Thus the time course of the e.p.p. is determined by two factors: (i) the fcactive" depolarization caused by the transmitter, whatever its nature may be, comparable in its action to an applied current pulse, (ii) the passive decay of the charge which had been built up. Duration and intensity of the 'active' period (i) was studied in normal and curarized preparations. Also, further observations of the condition of the muscle membrane during the propagating spike have been made. The effect of catelectrotonic potentials, produced by application of cathodal current pulses to the muscle fibres, has been compared with that of the e.p.p. (Section II).
METHOD
The technique of dissection, stimulation and recording has been described previously (18, 19 ever, the contact of the leading electrode cannot be confined to the endplate exclusively and thus the e.p.p. will be diminished relative to the spike, i.e. the first phase of the potential will have a greater spike component than Fig. 2 . Some allowance has to be made when calculating the true time course of an e.p.p. from such a composite potential.
Two methods can be employed to estimate the time course of the e.p.p. at the endplate.
(i) The action potential set up by a nerve impulse is recorded at the endplate region and a few mm. away from it. A comparison of the two potentials will reveal the additional negativity at the endplate region which is due to the e.p.p.
(ii) Comparison with 'antidromic' muscle impulses can be made. The 'antidromic' impulse is set up by stimulation of the muscle fibre a few mm. from the nerve entry and represents a 'simple' muscle spike without an e.p.p. (19). This 'antidromic'
does not differ from a spike due to indirect stimulation (i.e. via the nerve) if the recording is done some mm. off the endplate region (cf. Fig. 3B ).
A combination of method (i) and (ii) was employed and is illustrated in Fig. 3 . Thus with their spike peaks synchronized.
The difference due to e.p.p. is well seen.
Besides this, some variations between the two potentials are also expected owing to small lead artifacts which affect M while it propagates towards the endplate region, e.g. the small hump before the potential rise was due to a saline blob at the nerve entry. Moreover, the N response is 'growing up' and spreading outwards from the lead, while with M the fully grown impulse propagates past it.
If the M and N responses are recorded 3 mm. from the end-plate region they are practically identical (Fig. 3B) . With successive movements of the recording electrode away from the end-plate to this position, all transitionai diminutions can be seen in the late negativity of the N response; M on the other hand is not significantly altered. If M and N are plotted together as in Fig. 4 7b). In Fig. 5 the MN interval is so timed that the transmitting agent in setting up the e.p.p. would start at the middle of the rising phase of M (marked by arrow). The two exposures, the antidromic (M) alone (a) and then M and N together (b), have been super-imposed and thus the effect of N can be clearly seen as an addition. The nerve impulse arrives at the myoneural junction much too early to set up a muscle impulse after the M spike. There is not even the usual e.p.p. addition as in the early phases of the refractory period (7, 5, 6, 19). During the rising phase (after the arrow), on the spike peak and on the greater part of the falling phase no additional potential can be observed. But eventually a potential is built up, seen as addition to M (Fig. 5) . Clearly the depolarizing action of the transmitter gave no recordable potential while the muscle spike (M) was passing the endplate region, and it only became observable late in the decaying phase of the spike. Some inferences can be drawn from the above observation.
(i) during the spike the muscle membrane is fully depolarized, as a nerve impulse, which by itself causes a full depolarization of the membrane, has no appreciable additional effect. (ii) the depolarizing agent produced by the nerve impulse outlasts the spike and builds up a potential in the refractory muscle. About 2 msec. after the nerve impulse had reached (arrow) the endplate this potential starts to decay.
Thus from the above experiment it can be concluded that the transmitter action lasted at Eeust 2 msec. at 28.0°C. Longer durations were observed in other experiments at similar temperatures, and at about 20.0°C. the average duration of transmitter action, calculated as above, lasted 3-4 msec. (cf. effect of temperature on e.p.p., 3). The onset of the decay of the added potential does not imply a cessation of the depolarizing agent. It will be shown in part C, that there is still some transmitter action left during a part of the decaying phase of the curarized e.p.p. A similar action can be assumed to persist after the added potential (Fig. 5 ) starts to diminish. Thus the method above does not take into account the decaying part of the potential addition and therefore the full duration of transmitter action has not been derived. From the quick decay, however, it can be concluded that the intensity of the transmitter action decreases rapidly during that time.
C. The action uf curarine A subparalytic dose of curarine has two main effects: (i) it diminishes the e.p.p., (ii) it shortens its duration.
After neuromuscular transmission has been blocked an e.p.p. alone is set up. Additional application of curarine only diminishes the e.p.p. still more, without altering its time course, i.e. no appreciable further shortening is observed (3, 5, 6, 19) .
In the following experiments the same method as in B is applied to completely curarized muscle. The interaction between the antidromic (M) and the pure e.p.p. due to nerve stimulation (N), is illustrated in Fig. 6 , 7, 8. The findings were similar to those of Eccles, Katz and Kuffler (3) but could be executed more accurately on the single fibre (cf. discussion). The records were taken with the preparation in paraffin, the curarine action being just paralytic.
If the e.p.p. rise starts synchronously with the arrival of the antidromic it disappears completely during the spike, but appears again, although diminished, after the spike had passed the n.m.j. This shows that the depolarizing action of the transmitter has not ceased by that time. In Fig. 6b Fig. 8 ). The time course of this addition suggests that a fairly strong action of the transmitter still persists (in the above experiment) about 3 msec. after its start. In Fig.  6a alone. The plottings of Fig. 8 are from the experiment partly illustrated in Fig. 6 , the 'antidromic' reaching the endplate region at different intervals before (+) or after ( -) the e.p.p. had been set up (cf. legend).
From the above it can be concluded, that some transmitter action is still left 3.0-3.5 msec. after the e.p.p. had started, as after 'collapsing' it still builds up a diminished potential at such a time. The method described in this section (C) allows a more accurate estimation of the duration of the transmitter action because the antidromic can be timed to arrive at the endplate also after the e.p.p. had been set up. This was impossible in uncurarized muscle (Section B), for, if the nerve impulse forestalled the antidromic (M), it set up a spike besides the e.p.p, and thus prevented M from reaching the junctional region. The persistence of the depolarizing agent in curarized muscle is thus found to be about 4 msec.
D. Application of constant current pulses
It has already been pointed out (3, 13, 14, 23) , that the effect of the local potential at the endplate region is similar to a catelectrotonic potential. It was seen above (B and C) that an e.p.p. applied during the spike has no effect on the greater part of its rising and falling phase. Similar findings were obtained when applying a cathodal current pulse during the spike. If a subthreshold catelectrotonic potential is set up (cf. Method) it rises in an approximately exponential way and after withdrawal of the current pulse it decays similarly (cf. Fig. 9B and also 1, 21, 10, 11, 24, 14, 16). In Fig. 9Aa , a just subthreshold catelectrotonic potential was applied. If the current is withdrawn 0.5 msec. later (Fig. 9Ab ) a propagating response is set up (the two exposures are superimposed).
After the diphasic wave the potential returns to the base line in the same way as a propagating muscle spike, set up by direct stimulation;
there is no addition of potential to the spike which could be attributed to a part of the decaying catelectrotonic potential surviving during or after the spike. It has 'collapsed' during the spike in the same way as the decaying phase of the e.p.p. in Fig. 6a, 7b .
STEPHEN
W. KUFFLER Similarly a subthreshold catelectrotonic potential is completely abolished by the passage of a spike set up by direct stimulation elsewhere on the fibre (Fig. 9B) .
Note the striking difference in the ratio between just subthreshold or threshold catelectrotonic potential and spike size ( Fig. 9 and 10) The effect of activity diminishing the electrotonic potential set up by an applied current pulse has first been described by Bernstein.
(For a full discussion of the subject see Katz, 15, chapt. IV and V.)
In Fig. 10 two exposures have been superimposed.
In the first (i) the current pulse was withdrawn immediately after a spike had been initiated.
In the second (ii) the current pulse was continued for several msec. The continuation of the current pulse has no effect during the spike itself, but later builds up a potential.
This seems to be analogous sistance between the recording electrodes effect an imbalance of the applied current pulse (cf. Method see p. 309).
When gradually increasing the strength of the constant current pulse there was evidence for local responses when the catelectrotonic potential was near threshold. An inflexion appeared on the catelectrotonic potential, which was not present on the anodal polarization potential when the polarity was reversed. This inflexicn was similar to the phenomenon described by Rushton (22) for constant current stimulation of nerve. Owing to the large contact area (about 1 mm. wide) of the non-polarizable electrodes the effective recording occurred some distance from the origin of these local responses which consequently were much diminished in size. When Hodgkins (11) method was used, (brief condenser discharges and fine Pt wires) more clear cut evidence for non-propagating responses in the single muscle fibre was found. Figure 11 illustrates the electric potential changes at the common stimulating electrode when the muscle was stimulated by short (60~ sec.) condenser discharges. impulses in refractory muscle (7, 8, 19 ) these results were to be expected in the normal muscle fibre.
DISCUSSION
The action of a nerve impulse on a muscle fibre may be attributed to a transmitting agent which sets up the endplate potential by actively depolarizing the junctional region of the muscle fibre. In fully curarized muscle the depolarization rises quickly to a maximum which is insufficient to initiate a spike and then slowly decays (cf. the pure e.p.p. time course). In curarinefree normal muscle, on the other hand, the depolarization quickly reaches the threshold value and initiates a spike. The effect of such a depolarizing action, subthreshold or above threshold is imitated to a great extent at the cathode of a constant current pulse, i.e. by the catelectrotonic potential (13, 14, 23).
Some of the similarities between the e.p.p. and a catelectrotonic potential are as follows:
1. At a critical potential level a propagating spike is initiated as seen from Fig. 9 and 10 (9, 15, 11) . This can be well demonstrated with the e.p.p. in curarized preparations (3, 16) and occurs also in normal muscle adjacent to the endplate (18).
2. During the greater part of the spike the application of a constant current pulse does not add a potential ( Fig. 9 and lo) , but if it outlasts the spike a potential is built up as the refractoriness passes off (Fig. lob) . Similarly the depolarizing action of the transmitter does not produce a potential during the muscle impulse, but only when outlasting it (Fig. 5, 6b ). 3. After cessation of a current pulse the catelectrotonic potential decays passively (Fig. 9) . In the e.p.p. of the curarized preparation the cessation of 'active' depolarization is gradual (Sect. II C), so only the latter part of the decaying phase is purely passive.
4. The passively decaying phase of the catelectrotonus is completely abolished by a muscle impulse (Fig. 9A and B) . With the e.p.p. a spike gives a similar 'collapse' (Fig. 6a, 7b ), but some potential is rebuilt when the impulse acts early in the decaying phase, thus indicating the persistence of some 'active' depolarization (cf. above and Fig. 8 , -0.8 msec.). Additional similarities have also been described (3, 6, 16, 18, 19). 5. The similarity of spatial spread of the e.p.p. and of a catelectrotonic potential are similar. 6. Both prolong the refractory period. 7. The impedance changes accompanying subthreshold current pulses and e,p.p.'s show close resemblance during their decaying phases.
From the experiments showing the building up of the e.p. p. after an antidromic spike (Sect. II B, C) it is possible to determine approximately the time course of the 'active' depolarizing action of the transmitting agent.
There appears to be an intense action for 2-3 msec., becoming nearly ineffective in a further 2 msec. No conclusion can be drawn, however, concerning the nature of the transmitting agent. The duration of the depolarizing action was found to vary appreciably in different preparations. Sections II B, C, D, clearly indicate that during a muscle impulse only the onset of the rising phase can be altered by an e.p,p. (Fig. 6a, 7b) . The size and shape of the main part of the following spike potential are unchanged. If there were any readily polarizable membrane in the muscle fibre, which is not affected by an impulse, some additional potential would be added with applied current pulses ( Fig. 9 and 10) . Thus practically the whole polarizability of the muscle fibre must be confined to the excitable membrane which 'breaks-down' during activity (2; also earlier findings discussed by Katz, 5).
